Crustal structures near a linear oceanic ridge, the Gagua Ridge, between the West Philippine Basin and the Huatung Basin in the western Philippine Sea were imaged based on head-wave, refracted and reflected P-wave arrivals recorded from 24 oceanbottom seismometers (OBS). Velocity anomaly zones, one below the Gagua Ridge summit and the others beneath two toes of the Gagua Ridge, imaged by large lateral variations in P-wave velocity of 5.5 -6.4 km s -1 and low velocity of 4 -5 km s -1 in the upper crust may have been generated when the Gagua Ridge was formed. East of the ridge, velocity anomaly zones, constrained by large lateral variations in P-wave velocity (4.8 -6.4 km s -1 ), relatively low velocity (4 -5 km s -1 ) and laterally high anomaly of Poisson's ratio (0.02 -0.04) in the upper crust and abrupt crustal thickening (6 -8.5 km) northward were obtained. West of the ridge, the velocity anomaly zones indicated by large lateral variations in P-wave velocity (5.2 -6.2 km s -1 ) and laterally high anomaly of Poisson's ratio (0.02 -0.04) in the upper crust and thick crust (thickening southward from 9 -12 km) were found below the Huatung Basin and the Western Trough of the Gagua Ridge. Abrupt crustal thickening northward east of the ridge may be related to northwestward convergence of the Philippine Sea Plate. These velocity anomaly zones in the upper crust at both sides of the ridge might result from deformed, fractured or faulted zones. These zones support E -W compression, N -S shearing (or transpression) and uplifting that may have also created the Gagua Ridge and crustal thickening west of the ridge.
INTRODUCTION
The Gagua Ridge, with a length of about 300 km and a maximum height of 4 km above the seafloor, runs along 123°E and is the largest ridge in the western Philippine Sea (Fig. 1 ). This linear oceanic ridge separates the Huatung Basin off SE Taiwan from the oceanic crust of the West Philippine Basin (Murauchi et al. 1968) . Fracture zones near the Gagua Ridge, northwestward extending to the Taitung Canyon , are similar to those ridges with fracture zones in the North Atlantic (Detrick et al. 1993) , the South Ocean (Collot et al. 1995) , the Central Pacific and the East Pacific Rise (Begnaud et al. 1997) . The Gagua Ridge formation in the western Philippine Sea and how the Gagua Ridge relates to the origins of Huatung Basin and West Philippine Basin have been the focal points of several investigations. The Gagua Ridge subduction beneath the Ryukyu Arc started probably 0.7 -0.6 Ma based on marine observations and the kinematic data . The Gagua Ridge formation may has resulted from fracture zones (Karig and Wageman 1975) , extinct spreading ridge (Bowin et al. 1978) , uplift of oceanic crust (Mrozowski et al. 1982) or an old subduction zone (Evans and Lewis 1984) . The Gagua Ridge was most likely formed due to a change of spreading direction and Philippine Sea Plate reorganization at about 45 Ma (Hilde and Lee 1984; Hall et al. 1995) . This hypothesis posits that the Gagua Ridge may have formed due to strike-slip deformation of the West Philippine Basin from the geophysical data (Deschamps and Lallemand 2002) . Similarly, the Puysegur Ridge, including over-thrusts and fractures, off south New Zealand in the South Ocean between the Australian and Pacific Plates was formed due to transpression by increasing transverse shortening during the southward migration of the Pacific-Australian pole of rotation and possible incipient subduction (Collot et al. 1995; Lebrun et al. 2003) .
Crustal models have been constructed for more understanding about the Gagua Ridge. Gravity modeling across the Gagua Ridge (white dotted lines in Fig. 1 ) indicated thick oceanic crust in the Huatung Basin (9 -12 km), thick ridge root (17 -18 km) and normal oceanic crust in the West Philippine Basin from west to east (Karp et al. 1997; Deschamps et al. 1998) . Deschamps et al. (1998) suggested crust beneath the Huatung Basin, formed when the Philippine Sea Plate ceased spreading at 35 Ma, over-thrusting the West Philippine Basin eastward. This interpretation is similar to the formation of transverse ridges in Pacific fracture zones as younger-side lithosphere over-thrusting older-side lithosphere . On the other hand, the former fracture zones near the Gagua Ridge may have behaved as a transpressive plate boundary during oblique compression and the Philippine Sea Plate reorganization so that the Huatung Basin is thick due to compression and belongs to a different and older (8 -16 m.y.) plate than the Philippine Sea Plate (Sibuet et al. 1998) .
A deep seismic survey conducted in 1995 using air guns from R/V Maurice Ewing and 13 ocean-bottom seismometers (OBS) deployed from R/V Ocean Researcher 1, as shown by black lines and black circles in Fig. 1, imaged crustal thickness of the Huatung Basin (7 km) and a forearc block west of the northern Luzon Arc (Yang and Wang 1998; McIntosh et al. 2005) . Normal thickness of the Huatung Basin as an oceanic crust north of 22°N may indicate less compression from collision between the Luzon Arc and the Eurasia Continent than that south of it (Sibuet et al. 2002) . The upper part of the Luzon arc accreted against the Ryukyu forearc while its lower part subducted beneath Eurasia . Similarly, based on long-offset (4.5 km) reflection seismic data collected by the R/V Maurice Ewing in 1995, northward subduction of the Gagua Ridge beneath the Ryukyu Trench with a steeper dip in the Philippine Sea Plate east of the Gagua Ridge was observed (Schnürle et al. 1998a) .
Neither gravity modeling (Karp et al. 1997; Deschamps et al. 1998 ) nor deep seismic survey (Yang and Wang 1998; Schnürle et al. 1998a; McIntosh et al. 2005 ) near the Gagua Ridge revealed whether the Huatung Basin over-thrust the West Philippine Basin and the reason why crustal structures of Huatung Basin and West Philippine Basin are different. In this paper, seismic imaging of crustal structures across the southern Gagua Ridge is presented to understand the Gagua Ridge formation, fracture zones west and east of the Gagua Ridge and the oceanic crust of the Huatung Basin and the West Philippine Basin. (Deschamps et al. 1998 ) and line AA' (Karp et al. 1997) are marked by white dashed lines. Red dashed lines and red solid arrows indicated the fracture zones and the convergent directions based on the OBS models, respectively. Data recorded from OBS stations, as indicated by yellow circles, were shown in Figs. 2 -5.
METHOD

OBS Survey
A deep seismic survey used portable ocean-bottom seismometers (MicrOBS), air-gun shots and a 6-channel streamer, and acquired across the southern Gagua Ridge 200 km off SE Taiwan was conducted in September of 2006. We deployed 10 MicrOBSs (Auffret et al. 2004 ) along an E -W A-Line from the West Philippine Basin westward across the Gagua Ridge and Huatung Basin ending at the Luzon Arc (Fig. 1) . Four MicrOBSs were also deployed along an N -S B-Line, 30 km west of the Gagua Ridge. The R/V Ocean Researcher I, with an air-gun volume of 900 cubic inches and a shooting interval of about 20 s, shot through the A-Line and B-Line. We observed the refracted and reflected waves traveling through the sedimentary layers (Figs. 2a and b) . The first arrivals of refraction through the crust can be observed from the OBS data along the A-Line and B-Line at offsets of 5 -40 km (Figs. 3 and 4) . Since these first arrivals were interfered with the previous shot noise (PSN as shown in Figs. 3 and 4), we increased the air-gun volume and shooting interval to 1000 cubic inches and 30 s, respectively, with imaging along an N -S C-Line with 10 MicrOBSs at 20 km east of the Gagua Ridge (Fig. 1) . This improvement leads to appearance of the first arrivals without interference by the PSN through the upper mantle at offsets of 5 -50 km (Fig. 5) .
Strong current and the deep bathymetry (depth of 22 stations > 4000 m as shown in Fig. 1 ) in the western Philippine Sea caused most of the MicrOBSs to drift from their deployed location. Travel times and their gradients of the direct waves shot from the air guns recorded at OBS (Wang et al. 2007 ) were used to relocate 24 MicrOBSs with maximum shifts of about 400 m (OBS A01) along the shot track and of about 1000 m perpendicular to the seismic line ( Table 1 ). The greater shifts from the OBS deployment perpendicular to the profile (bold faces in Table 1 ) may be due to the relocation uncertainty based only on shots along the profile. Initial data processing, such as band-pass filtering (2-5-40-50 Hz) and amplitude correction over the offset, was also applied.
P-Wave Velocity Modeling
Initial models were constructed from reflection times of the multi-channel seismic data along the three OBS profiles (A-Line, B-Line, and C-Line), the density models (white dashed lines in Fig. 1 ) inverted from gravity data along ACT99 (Deschamps et al. 1998) and Line AA' (Karp et al. 1997) , and the P-wave velocity models along OBS lines 1, 23, 29 (black lines in Fig. 1 ) of 1995 TAICRUST experiment (Yang and Wang 1998; McIntosh et al. 2005 ) and along MGL0908-09 of 2009 TAIGER experiment (Mirza 2012) . Three (upper, lower, and compacted) sedimentary layers and three (upper, middle, and lower) crustal layers were included in these OBS models. 
, and (c) indicate refracted, head-wave and reflected rays, respectively. Ps3: arrivals refracted through the old sediments, Pg1H: head-wave arrivals traveling through the top of oceanic layer1, Pg1, Pg2, Pg3: arrivals refracted through the oceanic crust, Pn: arrivals refracted through the upper mantle, Pg1P, Pg2P: arrivals reflected at the intra-crustal interfaces, PmP: arrivals reflected at the Moho, PSN: previous shot noise.
(a) (c) (e) (a) Reduction velocities of 4.5 and 8 km s -1 were used for displaying OBS arrivals through the sediment (Fig. 2 ) and the crust (Figs. 3 -6), respectively. P-wave arrivals of refraction and reflection were identified from the hydrophone and vertical components of OBS data at the same time before arrival picking. However, most of the reflected P-wave arrivals were identified sensitively on the vertical component of OBS data whereas most of the refracted P-wave arrivals were picked readily on the hydrophone component of OBS data. Generally, we picked head-wave (Ps*H, Pg*H) and refracted (Ps*, Pg*, Pn) arrivals, where s, g, and * stand for sediment, crust and the layer number in the sediment or the crust, from the hydrophone component of OBS data to constrain the velocities along the models. The depth of the interfaces along the models can be determined based on reflected (Ps*P, Pg*P) arrivals usually identified from the vertical component of OBS data (Figs. 2, 6 ).
Velocity models were subsequently modified by reducing travel-time errors (Zelt and Smith 1992) layer-bylayer from the uppermost layer down to the lowermost layer (Wang et al. 2006) . Although the RMS travel-time errors from the lower crust (Pg3), Moho (PmP) and mantle (Pn) along the A-Line (Table 2a) and B-Line (Table 2b) were less than 0.1 s, coverage of refracted rays and reflection points too sparse (Fig. 7) to constrain all. Large uncertainties in the Moho depths below the Gagua Ridge along A-Line are observed due to the few constraints of the lower crustal velocity. However, the total travel-time errors for the sediment and the crust are less than 0.05 and 0.1 s, respectively ( 123.1910 123.1908 123.1969 123.1988 123.1909 123.1998 123.1968 123.1986 123.1912 123.1965 Relocation (a) (c) 
the OBS velocity models (Operto 1996) , were consistent with the time-migrated section (Fig. 8) . Eventually, we constructed P-wave velocity models with coverage of headwave, refracted and reflected rays. This method allows more velocity nodes in the model with high-density refracted rays however the velocity nodes were removed from the model with low-density refracted rays. Similarly, we can add or remove interface nodes based on more or less reflection points at the model interfaces, respectively. Therefore, the minimum number of velocity nodes is demonstrated by refracted ray density whereas the minimum number of interface nodes is justified by reflection points onto the model interfaces along the A-Line, B-Line, and C-Line (Fig. 7) . In particular, refracted rays through the oceanic crust along the C-Line east of the Gagua Ridge (Fig. 7c) were denser than those along two other lines due to the large shooting interval (about 30 s) and thinner crust (about 7 km) along the C-Line. The model reveals good constraints of the oceanic crust as deep as the Moho across and east of the Gagua Ridge.
Poisson's Ratio Modeling
Poisson's ratio in each layer of initial models was taken from Poisson's ratio models along lines 1 and 23 (black lines in Fig. 1 ) of 1995 TAICRUST experiment (Wang and Pan 2001) . We also considered P -S waves converted 2 times at 4 different interfaces (seafloor, basement, and two intracrustal interfaces) to select the converted shear-wave phases (Wang and Pan 2001; Zhao et al. 2010) .
We used both the sea floor and the sediment's basement as PS converted boundaries (Fig. 9) because they are better constrained in the P-wave modeling . Reflected shear waves propagating through the upper (Ss1S) and lower (Ss2S) sediments converted only at the sea floor were considered. Three kinds of converted arrivals, one of them only converted when transmitted at the sea floor (Ss3S) and one PS mode-converted when reflected at the sedimentary basement (Ps3S), were chosen in two horizontal components of OBS data (Fig. 10) .
Refracted arrivals through the crust converted at intracrustal interfaces (Pg2-Sg1 and Pg3-Sg2 in Fig. 10 ) were observed in contrast to using reflected arrivals of converted waves propagating in sediment. These converted refractions appear as the first arrivals at offsets of 5 -27 km in two horizontal components of OBS data (Fig. 10) . Other shear-wave conversions through the crust were also tested. However, these converted waves are neither distinguished from horizontal components of OBS data nor constrained from the crustal Poisson's ratio. Since two horizontal components of the OBS data were also affected by PSN at offsets of about 30 km (Fig. 10) , the S-wave phases travelling in the lower crust are difficult to observe.
A lateral variation in Poisson's ratio can be inverted from constructing blocky models of Poisson's ratio in each layer. Poisson's ratios constrained from the shear waves can be derived by reducing travel-time errors of the converted shear waves layer-by-layer (less than 90 ms in Table 3 ) from the initial models.
RESULTS AND DISCUSSION
Owing to the limitation of using small air-guns (< 1000 in 3 ) and short shooting intervals (~20 s), we could not properly image the lower crustal structure across the Gagua Ridge (A-Line, Fig. 11a ) and along the Huatung Basin (B-Line, Fig. 11b ). P-wave velocity and Poisson's ratio constrained by OBS data still revealed how the Gagua Ridge was formed and what tectonic characteristics existed after its formation.
Velocity anomaly zones, one below the summit of the Gagua Ridge and the others beneath two toes of the Gagua Ridge (OBSA04 and OBSA03), in the upper crust were observed from large lateral variations in P-wave velocity of 5.5 -6.4 km s -1 (red dashed lines in Fig. 11a ) and low velocity of 4.5 -5.0 km s -1 (below OBSA04 in Fig. 11a) . However, the (c) Fig. 7. (Continued) velocity anomaly zone at the Gagua Ridge summit along the A-Line was identified only from the P-wave velocity model owing to the lack of constraint in the Poisson's ratio model. These velocity anomaly zones may have been generated when the Gagua Ridge was formed by the oblique compression and plate reorganization of the Philippine Sea Plate. After the Gagua Ridge was formed between the Huatung Basin and the West Philippine Basin, the crustal structure west of the Gagua Ridge thickened (10 km thick across A-Line in Fig. 11a ). Crustal thickening below the Huatung Basin may be partially due to compression as indicated by velocity anomaly zones in the upper crust. Velocity anomaly zones in the upper crust with large lateral velocity variations of 5.2 -6.2 km s -1 below OBSA06, 5.4 -6.2 km s -1 below A05, and 5.0 -6.2 km s -1 near the Western Trough (Fig. 11a) , were imaged below the Huatung Basin. Velocity anomaly zones imaged by the P-wave modeling (red dashed lines in Fig. 11a) were also supported by a relatively high Poisson's ratio of about 0.305 (0.01 -0.02 laterally high) in the upper crust (black dashed lines in Fig. 12a) .
The middle and lower crust below the Huatung Basin, with high P-wave velocities of 6.8 -7.6 km s -1 (a blue dashed frame in Fig. 11a ) and a low Poisson's ratio of 0.28 (a blue dashed frame in Fig. 12a ), might be interpreted as possible igneous rocks. However, we did not rule out magma (Deschamps et al. 1998) or underplating (Wang et al. 2006) . On the eastern flanks of the Luzon Arc (below OBSA08), we also found low P-wave velocities of 4.5 -5.0 km s -1 (a (a) (b) black dashed frame in Fig. 11a ) and a relatively high Poisson's ratio of about 0.295 (a black dashed frame in Fig. 12a ) in the upper crust. These anomalous P-wave velocity and Poisson's ratio might indicate an old Huatung Basin south of the Ryukyu forearc incorporated into the upper part of the Luzon arc by compression because decoupling in the upper part of the Luzon Arc might have facilitated its accretion against the Ryukyu forearc while its lower part subducted beneath Eurasia ). The crustal structure near the Gagua Ridge might not only be subject to E -W compression across the ridge (A-Line) but was also affected by N -S shearing parallel to the ridge (B-Line and C-Line). West of the Gagua Ridge, sedimentary thickness of the Huatung Basin increases southward from about 1 km below OBSB12 to about 4 km below OBSB14 and OBSB16 (Fig. 11b) . Although some of the Moho (yellow points in Fig. 11b ) is constrained by PmP arrivals west of the ridge, the crust might be thickening southward along the B-Line (north of the velocity anomaly zone below OBSB16 in Fig. 11b ) due to transpression. The velocity anomaly zones were imaged from large lateral velocity variations (4.6 -6.0 km s -1 in Fig. 11b ) in the upper crust with relatively high Poisson's ratios (0.295 -0.305 in Fig. 12b ) below OBSB13, OBSB14, OBSB16, and OBSA05. Thus, the velocity anomaly zones at the southern portion of the B-Line and strong lateral crustal velocity and thickness variations could indicate southward shearing (or transpression) west of the ridge (Figs. 1, 11b, 12b) , such as the right-lateral strikeslip faulting along the Taitung Canyon identified from faultplane solutions observed in the Huatung Basin (Schnürle et al. 1998b) .
OBS
East of the Gagua Ridge, sedimentary thickness of the West Philippine Basin increases northward from about 2 km below OBSC17 to about 4 km below OBSC22 (Fig. 11c) . Similarly, crust of the West Philippine Basin along the C-Line thickened northward from 6 km below OBSC17 to 8.5 km below OBSC21 -OBSC26 (Fig. 11c) . Structural thickening northward has been associated with northward shearing (or transpression shown in Figs. 1 and 11c ) that also generated rugged basements ) and several velocity anomaly zones east of the ridge . Velocity anomaly zones in the upper crust below OBSA01 and OBSA02 along A-Line, with large lateral velocity variations of 4.8 -5.6 km s -1 and low velocity of 4 -5 km s -1 (red dashed lines in Fig. 11a ), were found. High Poisson's ratio anomalies (about 0.295), observed based on comparison with the average Poisson's ratio (0.285) in the upper crust, east of the Gagua Ridge (black dashed lines in Fig. 12a ) might have been due to fractures. A velocity anomaly zone below OBSC24 was identified from the low velocities (4.5 -6.2 km s -1 ) of the upper crust (Fig. 11c ). Beneath this facture zone, possible igneous rocks might be interpreted from high velocities (7.5 -7.9 km s -1 ) in the lower crust below OBSC23 and OBSC24 (Fig. 11c) . However, this velocity anomaly zone and the possible igneous rock below OBSC23 and OBSC24 are accompanied by a Poisson's ratio of about 0.295 in the upper crust (a black dashed line in Fig. 12c ) and a Poisson's ratio of about 0.275 in the upper crust (a blue dashed frame in Fig. 12c ), respectively.
The velocity anomaly zones east of the ridge, illustrated by low velocity (4.5 -6.2 km s -1 in Fig. 11c ) and relatively high Poisson's ratio (0.295 -0.32 in Fig. 12c ) in the upper crust, dip northward through the thin crust below OBSC18 and OBSC19. Moreover, velocity anomaly zones below OB-SC20 and OBSC21, characterized by a relatively high Poisson's ratio (0.295 -0.315) in the upper crust (black dashed lines in Fig. 12c) , might exist. These velocity anomaly zones are similar to those along the A-Line and B-Line (Figs. 12a  and b) and could have originated from transpression. Therefore, these velocity anomaly zones in the upper crust at both sides of the Gagua Ridge might result from deformed, fractured or faulted zones. However, we preferred the interpretation of velocity anomalies as fracture zones due to transpression (Karig and Wageman 1975; Karp et al. 1997; Deschamps et al. 1998; Deschamps and Lallemand 2002) .
Based on these models, the possible igneous rocks in the lower crust occurred at both sides of the Gagua Ridge (Figs. 11a and c) , where it was suggested that these possible igneous rocks might have formed when the Gagua Ridge was rising. The sedimentary and crustal thickness east of the Gagua Ridge varied complexly based on the pseudo-3D model (Fig. 13) . From the pseudo-3D map east of the southern Gagua Ridge, the thickness of the oceanic crust is 8 km between 20°40' -21°40'N and 6 -7 km south of 20°40'N. We suggest that the crust east of the ridge thickened abruptly northward at about 20° 40'N ( Fig. 13b) and has apparently been affected by the northwestward convergence of the Philippine Sea Plate. Based on the OBS modeling west of the Gagua Ridge, the thickness of the oceanic crust is 9 km north of 21°20'N, southward increasing from 9 km at 21°20'N to 12 km at 20°50'N, and southward decreasing from 12 km at 20°50'N to 9 km at 20°36'N (Fig. 13b) . The observations east and west of the Gagua Ridge as well as across the ridge might result from a transpression that might also have generated left-lateral strike-slip faults at both sides of the Gagua Ridge. Therefore, the Gagua Ridge was generated by compression, shearing and uplifting (or transpression) due to the northwestward convergence of the Philippine Sea Plate and also affected by eastward convergence of the Eurasia Plate.
Secondary ridges at both sides of the Gagua Ridge are located at OBSA01 -OBSA02 and OBSA04 -OB-SA05 along the A-Line (Fig. 11a) . The widths of the Eastern (about 35 km wide) and Western (about 15 km wide) Trough between 21°20' -21°40'N ( Fig. 13a) thus can be estimated from the Gagua Ridge toes (near OBSA03 and OBSA04 in Fig. 11a) to the secondary ridges. Based on the pseudo-3D map constructed from four OBS profiles of the southern Gagua Ridge (Fig. 13a) , the sedimentary thickness and width in the Eastern (2.0 -3.0 km thick and 5 -15 km wide) and Western (1.5 -2.0 km thick and 15 -35 km wide) Troughs of the Gagua Ridge are southward decreasing. On one hand, the Eastern Trough of the Gagua Rridge is thicker and wider than the Western Trough. On the other hand, possible fracture zones below the Western Trough are denser than those below the Eastern Trough. Thinner sediments, narrower trough and denser velocity anomaly zones in the Western Trough may imply that the area located west of the Gagua Ridge, near the Philippine Sea Plate boundary has been subject to more compression than that located east of the Gagua Ridge.
The crust of the Gagua Ridge thickened northward between the A-Line and MGL0908-09, and present regional variation in the crustal thickness on both sides of the Gagua Ridge (Fig. 13b) . These variations resulted from compression across the ridge and also the shearing parallel to the ridge. The possible fracture zones near the Gagua Ridge linked (Fig. 13 ) from 4 OBS models might result from transpression. Moreover, the width of the Gagua Ridge, with crustal thickness > 10 km, between 21°20' -21°40'N is decreasing southward (Fig. 13b) .
Thickness (6 -8 km) and velocity (5.0 -7.5 km s -1 ) of the oceanic crust at the Mid-Ocean Ridge in the North Atlantic (Detrick et al. 1993 ) were similar to those in the West Philippine Basin east of the Gagua Ridge (Figs. 11c and 13b) . However, the oceanic crust (9 -13 km) with small P-wave velocity (5.0 -7.0 km s -1 ) in the Huatung Basin west of the Gagua Ridge (Figs. 11b and 13b ) thicker than that east of the Gagua Ridge might have been due to compression from NW convergence of the Philippine Sea Plate. The thickness (5.5 -6.0 km) and velocity (5.0 -7.8 km s -1 ) of the oceanic crust formed at most of the transform faults along the East Pacific Rise (Begnaud et al. 1997) were different from the oceanic crust subjected to transpression east and west of the Gagua Ridge. The crustal structures at the Puysegur Ridge and the surrounding basins off South New Zealand (Collot et al. 1995) , including thrust faults, fracture zones and igneous rocks, were otherwise similar to the crustal structures of the Gagua Ridge and surrounding the Huatung and Philippine basins. The Puysegur Ridge and the Gagua Ridge were formed by transforming to compression and an incipient subduction that might have occurred during ridge formation (Lebrun et al. 2003) .
CONCLUSIONS
Possible fracture zones, indicated by large lateral variations in P-wave velocity (5.0 -6.4 km s -1 ), low P-wave velocity (4.0 -5.0 km s -1 ) and relatively high Poisson's ratio (0.02 -0.04 laterally higher) in the crust from the four-component OBS data modeling, were found across the southern Gagua Ridge and east of the ridge. Similarly, possible fracture zones west of the ridge were observed from large lateral variations in P-wave velocity (4.5 -6.2 km s -1 ), low P-wave velocity (4.5 -5.0 km s -1 ), and relatively high Poisson's ratio (0.02 -0.04 laterally higher) in the crustal model. Fractures parallel to the ridge presented in this paper characterized E -W compression during and after the Gagua Ridge formation.
Transpression and NW convergence of the Philippine Sea Plate were associated with the Gagua Ridge formation and also resulted in the abrupt crustal thickening northward, below OBSC19 -OBSC21 (Fig. 11c ) along the C-Line at about 20°40'N (Fig. 13b) , and along the Eastern Trough of the Gagua Ridge imaged from OBS data (Fig. 11c) . Crustal thickening southward, north of the possible fracture zone below OBSB16 (Fig. 11b) and along B-Line north of 21°N (Fig. 13b) , in the Huatung Basin may support the transpression at both sides of the ridge. Based on a P-wave velocity model across the Gagua Ridge (Fig. 11a) , an asymmetrical structure, with crustal thickness of about 10 and 7 km thick west and east of the ridge, was constructed. Differences in the crustal thickness resulted from the Gagua Ridge being a transpressive plate boundary during oblique compression of the Philippine Sea Plate. We suggest that the Huatung Basin is younger than the West Philippine Basin (Deschamps et al. 1998 ) although the Huatung Basin did not over-thrust the West Philippine Basin as the west-dipping thrust below the Eastern Trough of the Gagua Ridge is not apparent in the OBS model. Therefore, the Gagua Ridge was formed by transpression and an incipient subduction may have occurred during the ridge formation, such as in the Puysegur Ridge formation in the South Ocean (Collot et al. 1995; Lebrun et al. 2003) .
